A high-temperature calorimetric flow sensor employing ion conduction in zirconia In microsystems technology, zirconia (ZrO 2 ) has been used as a substrate material in high-temperature applications, because of its excellent thermomechanical properties. [1] [2] [3] One such application is miniaturized low-thrust propulsion for small spacecraft, where the impulse of the thruster can be increased by electrically heating the gas in a stagnation chamber before expelling it. 4, 5 To control the impulse, it is useful to integrate a sensor that monitors the gas flow through the nozzle. However, although the thermal conductivity of zirconia is relatively low, even in comparison with other engineering ceramics, 6 a calorimetric flow sensor integrated in the nozzle has been shown to be affected by thermal cross-talk from the heater. 1 Doping zirconia with yttrium oxide (Y 2 O 3 ), creates high ion conductivity at high temperatures, [7] [8] [9] which is utilized, e.g., in solid-oxide fuel cells. 10, 11 Above 700 C, or at low oxygen partial pressure, the ionic part of the conductivity is dominated by movement of oxygen point defects. 7 Zirconia is frequently used for miniaturized gas sensors, [12] [13] [14] since its surface conductivity also depends on the partial pressure of oxygen. 9 The above-mentioned calorimetric flow sensor 1, 15 requires electrical isolation, otherwise the conductivity of the substrate will disturb the signal by electrical cross-talk; 15 wherefore, only temperatures where the ion conductivity is negligible can be permitted, limiting the thruster's performance and the level of integration.
Typically, calorimetric flow sensors consist of a heater element between an upstream and a downstream resistive temperature sensor element, 16, 17 or similar. A flow will make the temperature profile of the heated gas asymmetric, and accordingly, the two sensor elements will report different temperatures. Miniature sensors of this kind have been realized in silicon, 16, 18, 19 low-temperature co-fired ceramics, 20 and polymers, 17 and are also commercially available with a linear temperature response over several hundred Kelvin.
In this exploratory study, we exploit the strong, exponential temperature dependence of zirconia's ion conductivity in a calorimetric flow sensor, and investigate if the previously reported disadvantage can make the sensor more sensitive.
The sensor used here closely resembles those in previous work, 15 but contains four 80 lm wide platinum conductors with a separation of 160 lm, across a 400 lm wide, 100 lm deep, and 12 500 lm long fluidic channel, Figure 1 , inside a 400 lm thick stack of four laminated hightemperature co-fired ceramic (HTCC) tapes.
Green tapes of 8 mol. % yttria stabilized zirconia (YSZ8, ESL 42401, Electroscience Laboratories, USA), having a thickness of 125 lm, were punched using silicon tools fabricated by deep reactive ion etching (DRIE) to a depth of 75 lm. A printed circuit board (PCB) press (RMP 210, Bungard, Belgium) was used to emboss the contour of the channel, along with two gas vias in the top two layers of the stack, at room temperature, and a pressure of 8 MPa. After removing the material within the embossed contours, the flow channel was filled with sacrificial material (ESL 49000, Electroscience Laboratories, USA). Platinum (ESL 5542, Electroscience Laboratories, USA) was screen printed on the third tape, pre-laminated to the fourth, to form conductive elements at the bottom of the channel, after which all layers were stacked and laminated in the press at 70 C and 21 MPa for 15 min. The stack was sintered in air at 1450 C for 90 min after the organic filler and binder in the tape had been burned off. 1, 15 In order to achieve robust connections, the component was glued (Epoxy Rapid, Bostik, Australia) to a custom made PCB with pin headers. Each platinum lead was connected to the PCB with four Ø 25 lm gold wires. A Ø 6 mm tube (PA12 PL 6 Â 1, Bosch Rexroth, Germany) was glued to the inlet of the channel and connected to the front end of a flow setup, 15 where pure nitrogen gas was fed to the sensor through a toggle valve (SS-1GS4, Swagelok, USA), two filters (SS-4F-90 and SS-4TF-7, Swagelok, USA), a servo valve (Series 216, Granville-Phillips, USA), a pressure sensor (Standard industrial 0-1 MPa, Swagelok, USA), and finally, through a mass flow sensor (0-1000 sccm, Honeywell International Inc., USA).
The two center conductors of the sensor were used as heaters, and were connected to separate current sources (Dual port QL355TP, Thurlby Thandar Instruments, UK), Figure 1 . The resistance in the zirconia adjacent to the heaters was measured by connecting two desktop multimetersa HP 34410 (Hewlett Packard, USA) and a Keithley 2010 (Keithley Instruments Inc., USA)-between the two outer conductors and the common ground, Figure 1 . The bias currents of the multimeters were in the sub-microampere range. With this scheme, the resistance in the zirconia upstream and downstream of the heaters could be measured while varying the flow through the channel and the power supplied to the heaters. The individually controlled heaters were allowed for balancing of the temperature profile, so that the upstream and downstream resistances were equal at zero flow for all temperatures.
The resistance at zero flow was obtained by adjusting the current through the heaters and stabilizing their temperature for about 10 min, before equalizing the upstream and downstream resistances by fine-tuning the heater currents. Then, to characterize the sensor, the flow was rapidly (in about 10 s) increased to about 40 sccm, after which the toggle valve was closed, and the sensor response was monitored while the flow slowly (in about 180 s) fell back to zero. During this, the resistances were sampled at 1.5 Hz, whereas the flow was sampled at $15 Hz. The resistance time series were later interpolated to account for the higher sampling frequency of the flow measurements. After reaching zero flow, the procedure was repeated to cover a resistances at zero flow of 10, 20, 30, 40, and 50 MX, where the experiment at 20 MX was repeated three times to study the reproducibility of the results.
In a second experiment, the resistance between two adjacent elements was recorded while varying the ambient temperature from 400 C to 650 C in a furnace (Thermolyne FB1310M, Thermo Scientific, USA). Here, the sample was instead contacted with Ø 200 lm silver wires and silver paste (CN33-145Ag, Ferro, USA) to one of the multimeters.
In a third experiment, to compare the sensor to an ordinary calorimetric flow sensor with platinum sensor elements, the setup was altered, so that one multimeter measured the resistance through the zirconia upstream the heaters and the other measured the resistance through the upstream platinum element, where the latter employed 4-point probing. After sweeping the flow as above, the point of measurement was moved downstream the heaters, and the measurement was repeated. Moreover, to study the intrinsic noise of the two measurement principles, an AC coupled oscilloscope (DSO7104A, Agilent Tech., USA) was connected across the zirconia and platinum resistors at constant flows of 0.7 and 34 sccm, measuring the voltage noise between 0.5 and 250 Hz.
In Figure 2 , the upstream and downstream resistances versus flow from the first set of experiments are shown. The change in resistance followed a similar behavior regardless of applied power, although the relative change increased with the resistance at zero flow. Starting from zero flow, the upstream resistance continuously increased, whereas the downstream resistance initially decreased, up to a flow of about 15 sccm, after which it also started increasing. The reason for this behavior is discussed in more detail below. The resistance at zero flow of the two resistors was initially more or less equal, but when returning to zero after sweeping the flow, they differed by up to 6%. However, after stabilizing for about 60 s after the measurement, they returned to their initial values. The reproducibility of the results was good, with the three 20-MX experiments differing by $1.15% 6 0.09% (1r).
In a second experiment, where the sensor was placed in a furnace, it was found that the resistance between the two platinum conductors decreased exponentially with increased temperature.
Using two separate heaters to balance the resistances at zero flow, turned out to be useful. The total applied power showed the exponential dependence on the resistance at zero flow expected since the resistance in the zirconia was exponentially dependent on the temperature, 15 and the heater temperature was proportional to the supplied power. 1, 17 Due to variations in the heater resistances stemming from fabrication, 15 the individual powers differed slightly. Still, the method enabled rapid initialization of the sensor with a precision of about 1% of the resistance at zero flow, which probably could be improved further by employing computer control with feedback. 21 Defining the sensor output as the difference between the upstream and downstream resistors, the transfer curve of the sensor was more or less linear, Figure 3 .
The corresponding sensitivities were obtained by linear fitting to this data, Figure 4 . The sensitivity was found to improve linearly with the resistance at zero flow, reaching a maximum of 3.1 MX/sccm at 50 MX. With regard to noise, the sensor was found to pick up considerable interference at 50 Hz, most likely from the common ground with the power supply. However, disregarding this outside noise source and its harmonics, the inherent noise of the sensor was found to be dominated by 1/f-like noise at frequencies below 200 Hz. The amplitude of this noise increased only slightly with the resistance at zero flow, inset of Figure 4 .
These results deviated from what is commonly observed in traditional calorimetric flow sensors, where linearity only is achieved over small flow intervals. 1, 15, 19 This was evident from the results of the experiment where the resistances through the outer platinum conductors were measured in parallel with the resistances through the zirconia, Figure 5 . One major difference was the magnitude of the change in resistance, which was in the order of milliohms for the platinum elements and megaohms for the zirconia. More pronounced, however, was the difference in transfer curves, where the platinum sensor elements produced the expected response, 1, 15, 16, 19 whereas the zirconia elements still exhibited a linear response. This is due to the different measurement principles, where the resistance of the platinum and zirconia elements depended linearly and exponentially, respectively, on the temperature change induced by the flow. The relationship between the flow, F, and the induced temperature difference, DT, in an flow sensor is commonly described by King's law,
, where a and b are constants, and n ¼ 0.5 in the ideal case. 16 This gives the transfer curve of the conventional sensor its characteristic appearance, since DR $ DT. The zirconia sensor, consequently, should yield DR $ exp(DT)
]. In order to evaluate this assumption, equations on the form
], where a, b, c, and d are constants, were fitted to the results in Figure 4 . (Figure 3 ). The goodness of these fits (black circles) was consistently higher than 0.998, and the goodness of the fits to King's law (white squares), which are described in detail, was even higher. The inset shows the voltage noise at the highest and the lowest temperature. Each spectrum was calculated from 2048 averages of 2 s long time series.
An example can be seen in Figure 5 . The resulting R 2 s were consistently better than the linear fits, Figure 4 . Moreover, both fits in Figure 5 yielded a and b in the same range (see inset of Figure 5 ). This attests that the zirconia sensor can be described by King's law, and that the exponential temperature dependence of its resistance is the main explanation for its excellent linearity in the studied flow range.
It should be remarked that the almost nine orders of magnitude higher sensitivity of the zirconia sensor does not necessarily make it superior, since resistance can be straightforwardly measured in both the milli-and megaohm range, although the former often require 4-point probing. Alternatively, the sensitivity can be expressed as the relative change in resistance per sccm, which for the experiment shown in Figure 5 was 0.24%/sccm and 5.1%/sccm for the platinum and zirconia sensors, respectively. Regarding accuracy and precision, the relative root-mean-square noise of the platinum sensor was about 20 times lower than that of the zirconia sensor, meaning that their signal-to-noise ratios were comparable. However, regarding linearity, the zirconia sensor was superior.
However, in preliminary experiments, it was also observed that the zirconia sensor elements were susceptible to interference from temperature changes in the bulk of the device. If subjected to high flow rates (>10 sccm) over long times (>120 s), also the bulk was cooled. This caused the resistance to change in a less predictable manner, and the signal to depend on, e.g., the thermal connection to the gas connectors and the PCB carrier. Moreover, this caused the sensor response to deviate strongly from the linear trends. To avoid this, quick measurements were conducted at low flow rates. If the sensor is to be used for higher flow rates or longer measurements, the zirconia resistors have to be isolated from the thermal bulk of the device, e.g., by isolating them in thin membranes. Another potential problem with the sensor is ion depletion, although no signs of this have been observed, despite several hours of continuous operation, inset of Figure  4 . This phenomenon should be investigated in more detail, and should it become a problem, it might be mitigated by an AC bias current. Other potential improvements include powering the heaters to a constant temperature at all flows. 22 Disregarding the effect of temperature changes in the bulk, and with reference to Figure 6 , the response of the sensor is interpreted as: (a) at low flow rates, the temperature profile in the gas is symmetric and centered over the heaters. As the flow increases, the profile is skewed and shifted downstream, creating a temperature difference in the zirconia upstream and downstream of the heaters. (b) At a slightly higher flow rate, here around 15 sccm, the temperature profile is centered on the active part of the zirconia downstream of the heaters. (c) As the flow continues to increase, the temperature profile is shifted further down the channel, and the temperature in both elements starts to decrease monotonically. The sensor signal is expected to cease when the flow rate becomes so high that the heaters cannot maintain their temperature. At this point, the heat transfer between the heaters and sensing elements will be limited and occur mainly by conduction in the substrate.
In this paper, a calorimetric flow sensor based on the temperature dependent resistivity of ion conducting zirconia has been presented. This sensor was shown to exhibit a sensitivity of up to 3.1 MX/sccm, or 6.0%/sccm, and to be linear over a wide flow range of about 0-40 sccm, with an R 2 in the order of 0.999. The fact that the sensors endured high temperatures, makes it very promising for a wide range of applications, e.g., for integration inside the thruster nozzle of a spacecraft propulsion system. Dr. Kristoffer Palmer at NanoSpace AB is gratefully acknowledged for helpful discussions. The Swedish Governmental Agency of Innovation Systems (VINNOVA) and the Swedish National Space Board are acknowledged for funding this project. The Knut and Alice Wallenberg Foundation was acknowledged for laboratory funding.
